The gain of a LLC resonant converter can vary with the loads that can be used to improve the efficiency and power density for some special applications, where the maximum gain does not apply at the heaviest loads. However, nonlinear gain characteristics can make the converters unstable during a major disturbance. In this paper, the stability of an LLC resonant converter during a major disturbance is studied and a trigger control scheme is proposed to improve the converter's stability by extending the converter's operational range. Through in-depth analysis of the gain curve of the LLC resonant converter, we find that the switching frequency range is one of the key factors determining the system's stability performance. The same result is also obtained from a mathematical point of view by utilizing the mixed potential function method. Then a trigger control method is proposed to make the LLC resonant converter stable even during a major disturbance, which can be used to extend the converter's operational range. Finally, experimental results are given to verify the analysis and proposed control scheme.
Introduction
DC/DC converters have been widely used to provide constant voltage or current [1] [2] [3] [4] . When the DC/DC converter is controlled as a voltage source, the voltage is constant and the current varies from zero to maximum value. When the converter is used as a current source, the current is constant and voltage varies from zero to maximum value. Therefore, the operation area is the rectangle where most converters work, such as battery charger, DC power supply, UPS, etc.
However, in some special applications, the voltage and current are not constant but vary with the loads. For example, the voltage-current curve of the plasma cutting is shown in Figure 1 . In startup, the output voltage rises to maximum value slowly without output current, providing a high output voltage to build a strong electrical field to produce air plasma. Then the arc striking circuit begins to work and the air is broken down with a low resistance, making the output current rise and output voltage fall quickly. Finally, the output current is regulated to the desired value [5, 6] . In these applications, the power supply's voltage falls as the current rises, leading to a concave operation area (shown in Figure 2 ), which is smaller than the rectangular area. Most DC/DC converters are a linear system in which the output voltage or current is decided by control signals like duty cycle or phase shift, and are not influenced by the loads [7] [8] [9] . Therefore, the operation area of these converters is similar to a rectangle. When these converters are used to provide energy for some special applications, like plasma arc cutting, the operational area of the converters will be far larger than the requirements of the applications. In Figure 2 , the maximum power needed by the application is at point B, but the maximum power the converters can generate is at point A. The redundant design could increase the converters' cost and volume. At the same time, the converter's efficiency is reduced.
In a resonant DC/DC converter, the output voltage or current will vary with the loads, even using the same switching frequency [10] . Figure 3 shows the gain curves of a LLC resonant converter under different load conditions [11] [12] [13] . When the switching frequency is fixed, the gain of the converter could fall as the loads increase, which means the output voltage of the resonant converter could fall as the current rises, similar to the operational area in Figure 2 If the resonant converter's operation area is designed to fit the operation area of the special applications, higher power density and efficiency of the resonant converters can be achieved. Most DC/DC converters are a linear system in which the output voltage or current is decided by control signals like duty cycle or phase shift, and are not influenced by the loads [7] [8] [9] . Therefore, the operation area of these converters is similar to a rectangle. When these converters are used to provide energy for some special applications, like plasma arc cutting, the operational area of the converters will be far larger than the requirements of the applications. In Figure 2 , the maximum power needed by the application is at point B, but the maximum power the converters can generate is at point A. The redundant design could increase the converters' cost and volume. At the same time, the converter's efficiency is reduced.
In a resonant DC/DC converter, the output voltage or current will vary with the loads, even using the same switching frequency [10] . Figure 3 shows the gain curves of a LLC resonant converter under different load conditions [11] [12] [13] . When the switching frequency is fixed, the gain of the converter could fall as the loads increase, which means the output voltage of the resonant converter could fall as the current rises, similar to the operational area in Figure 2 . If the resonant converter's operation area is designed to fit the operation area of the special applications, higher power density and efficiency of the resonant converters can be achieved.
In [14] , the series-parallel resonant converter (SPRC) is used for the plasma arc cutting, achieving high power density and efficiency. The switching frequency is fixed at 125 kHz, which can achieve a high output voltage at open circuit and a very low voltage at short circuit. However, in this application the output currents can only be regulated by sliding the phase among multiple modules. For a single resonant converter module, the switching frequency must be regulated to control the output voltage and current. A simulation module of the LLC resonant converter is applied for the plasma arc cutting. A high output voltage, as large as 100 V at open circuit, and high output current, as large as 100 A at short circuit, can be achieved. The PI controller is used to regulate the switching frequency to control the output voltage and current. When the converter starts up at heavy loads, the output current can be regulated to 100 A, as shown in Figure 4a . When the converter starts up with no loads, the output Energies 2017, 10, 1448 3 of 21 voltage can be regulated to 100 V, as shown in Figure 4b . The output voltage can be maintained at 100 V after 9 ms. At t = 10 ms, a step load appears and the output current cannot be regulated to 100 A under the short circuit condition, making the converter unstable. In this special application, the converter can work stably despite a minor disturbance but becomes unstable when a major disturbance occurs.
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In a resonant DC/DC converter, the output voltage or current will vary with the loads, even using the same switching frequency [10] . Figure 3 shows the gain curves of a LLC resonant converter under different load conditions [11] [12] [13] . When the switching frequency is fixed, the gain of the converter could fall as the loads increase, which means the output voltage of the resonant converter could fall as the current rises, similar to the operational area in Figure 2 If the resonant converter's operation area is designed to fit the operation area of the special applications, higher power density and efficiency of the resonant converters can be achieved. In [14] , the series-parallel resonant converter (SPRC) is used for the plasma arc cutting, achieving high power density and efficiency. The switching frequency is fixed at 125 kHz, which can achieve a high output voltage at open circuit and a very low voltage at short circuit. However, in this application the output currents can only be regulated by sliding the phase among multiple modules. For a single resonant converter module, the switching frequency must be regulated to control the output voltage and current. A simulation module of the LLC resonant converter is applied for the plasma arc cutting. A high output voltage, as large as 100 V at open circuit, and high output current, as large as 100 A at short circuit, can be achieved. The PI controller is used to regulate the switching frequency to control the output voltage and current. When the converter starts up at heavy loads, the output current can be regulated to 100 A, as shown in Figure 4a . When the converter starts up with no loads, the output voltage can be regulated to 100 V, as shown in Figure 4b . The output voltage can be maintained at 100 V after 9 ms. At t = 10 ms, a step load appears and the output current cannot be regulated to 100 A under the short circuit condition, making the converter unstable. In this special application, the converter can work stably despite a minor disturbance but becomes unstable when a major disturbance occurs. In order to solve this problem, some studies have been published on the stability and control scheme of the LLC resonant converters [15, 16] . The small-signal analysis method is the most popular and effective method [17] [18] [19] [20] . An EDF-based nonlinear model is built, obtaining the linearized model at the equilibrium point by using the Lyapunov linearization method. Then the stability criterion is achieved based on the conventional stability analysis. The small-signal analysis method is quite effective and simple, and can be used when the system operates only near the equilibrium point. However, the occurrence of a major disturbance can render the small signal analysis method ineffective, such as the starting-up pulse or load transient, Therefore, the overall stability performance of the LLC resonant converter can only be guaranteed by small signal analysis and researchers need to propose improved methods to extend the application range. Jang et al. [21, 22] calculated the stability criterion at the most serious condition to ensure the LLC resonant converter's stability. Zong et al. [23] linearized a nonlinear system through resonant current feedback and then used the small signal analysis method. There are also some nonlinear analysis methods, such as the phase plane, feedback linearization, and the Lyapunov direct method [15, [24] [25] [26] . However, those methods cannot correctly achieve the attraction region and the stability criterion, limiting the applicability. These published papers pay little attention to the unstable phenomenon of the LLC resonant converter during a major disturbance, where the LLC resonant converter, which can maintain stability during a minor disturbance, may be unstable due to its nonlinear characteristics.
The main reason why conventional analysis and control methods do not work in these special applications is that the nonlinear characteristics used in these applications to improve the power density and efficiency make the conventional linear analysis and control methods fail. In this paper, the instability characteristics of the LLC resonant converter during major disturbance conditions are studied intensively. Through in-depth analysis of the gain curve of the LLC resonant converter, we In order to solve this problem, some studies have been published on the stability and control scheme of the LLC resonant converters [15, 16] . The small-signal analysis method is the most popular and effective method [17] [18] [19] [20] . An EDF-based nonlinear model is built, obtaining the linearized model at the equilibrium point by using the Lyapunov linearization method. Then the stability criterion is achieved based on the conventional stability analysis. The small-signal analysis method is quite effective and simple, and can be used when the system operates only near the equilibrium point. However, the occurrence of a major disturbance can render the small signal analysis method ineffective, such as the starting-up pulse or load transient, Therefore, the overall stability performance of the LLC resonant converter can only be guaranteed by small signal analysis and researchers need to propose improved methods to extend the application range. Jang et al. [21, 22] calculated the stability criterion at the most serious condition to ensure the LLC resonant converter's stability. Zong et al. [23] linearized a nonlinear system through resonant current feedback and then used the small signal analysis method. There are also some nonlinear analysis methods, such as the phase plane, feedback linearization, and the Lyapunov direct method [15, [24] [25] [26] . However, those methods cannot correctly achieve the attraction region and the stability criterion, limiting the applicability. These published papers pay little attention to the unstable phenomenon of the LLC resonant converter during a major disturbance, where the LLC resonant converter, which can maintain stability during a minor disturbance, may be unstable due to its nonlinear characteristics. The main reason why conventional analysis and control methods do not work in these special applications is that the nonlinear characteristics used in these applications to improve the power density and efficiency make the conventional linear analysis and control methods fail. In this paper, the instability characteristics of the LLC resonant converter during major disturbance conditions are studied intensively. Through in-depth analysis of the gain curve of the LLC resonant converter, we find that the switching frequency range is one of the key factors determining the system stability performance of the LLC resonant converter. The regulated switching frequency should be higher than the critical frequency to ensure the stability of the system, or the converter will fall into instability. The same result is obtained from a mathematical point of view by the utilization of the mixed potential function method. After these analyses, a trigger control method is proposed to make the LLC resonant converter stable under major disturbance conditions, which can be used to support the resonant converter applied for the special applications.
The rest of this paper is organized as follows. In Section 2, the instability phenomenon of the LLC resonant converter is analyzed from the view of the gain curve. Then the mathematically derived process is expressed in Section 3, based on the mixed potential function method. In Section 4, a trigger control scheme is given to extend the operational range of the LLC resonant converter. The experimental results are shown in Section 5 to verify the proposed analysis and control methods, followed by conclusions in Section 6. Figure 5 shows the circuit block diagram of the LLC resonant converter. The full bridge, consisting of four MOSFETs, produces a square wave voltage for the resonant tank, which is composed of a resonant inductor, capacitor, and magnetic inductor. The rectifier transfers the resonant AC voltage to DC voltage. Through varying the switching frequency, the resonant tank impedance can be adjusted and thus the output voltage can be controlled.
Instability Phenomenon
Generally, traditional PI controllers can be used in the LLC resonant converters for output voltage regulation, as shown in Figure 5 . When the output voltage is higher than the reference value, the modulation voltage generated by the PI controller will increase and the voltage-to-frequency conversion will generate a higher switching frequency. Thus the resonant tank impedance will increase and the output voltage will decrease accordingly. Similarly, when the output voltage is lower than the reference voltage, the switching frequency will decrease and output voltage will increase. The output voltage can be regulated to the reference value through the conventional linear controller. find that the switching frequency range is one of the key factors determining the system stability performance of the LLC resonant converter. The regulated switching frequency should be higher than the critical frequency to ensure the stability of the system, or the converter will fall into instability. The same result is obtained from a mathematical point of view by the utilization of the mixed potential function method. After these analyses, a trigger control method is proposed to make the LLC resonant converter stable under major disturbance conditions, which can be used to support the resonant converter applied for the special applications. The rest of this paper is organized as follows. In Section 2, the instability phenomenon of the LLC resonant converter is analyzed from the view of the gain curve. Then the mathematically derived process is expressed in Section 3, based on the mixed potential function method. In Section 4, a trigger control scheme is given to extend the operational range of the LLC resonant converter. The experimental results are shown in Section 5 to verify the proposed analysis and control methods, followed by conclusions in Section 6. Figure 5 shows the circuit block diagram of the LLC resonant converter. The full bridge, consisting of four MOSFETs, produces a square wave voltage for the resonant tank, which is composed of a resonant inductor, capacitor, and magnetic inductor. The rectifier transfers the resonant AC voltage to DC voltage. Through varying the switching frequency, the resonant tank impedance can be adjusted and thus the output voltage can be controlled.
Generally, traditional PI controllers can be used in the LLC resonant converters for output voltage regulation, as shown in Figure 5 . When the output voltage is higher than the reference value, the modulation voltage generated by the PI controller will increase and the voltage-to-frequency conversion will generate a higher switching frequency. Thus the resonant tank impedance will increase and the output voltage will decrease accordingly. Similarly, when the output voltage is lower than the reference voltage, the switching frequency will decrease and output voltage will increase. The output voltage can be regulated to the reference value through the conventional linear controller. According to the operation principle of the LLC resonant converter, it can be seen that the resonant tank impedance should be inductive to guarantee the stability of the LLC resonant converter. Otherwise, the resonant tank is capacitive. In this case, when the output voltage is higher than the reference value, the controller will regulate a higher switching frequency, which causes a higher output voltage. Then positive feedback occurs, regulating the output voltage to the maximum or minimum value and causing the LLC resonant converter to become unstable. Unfortunately, the LLC resonant converter is a nonlinear system, and the resonant impedance may be capacitive or inductive depending on the switching frequency value. The gain curve of the LLC resonant converter is shown in Figure 3 . When the converter operates in the inductive area, the output voltage will decrease as the frequency increases. When the converter operates in the capacitive area, the output voltage increases as the frequency increases. According to the operation principle of the LLC resonant converter, it can be seen that the resonant tank impedance should be inductive to guarantee the stability of the LLC resonant converter. Otherwise, the resonant tank is capacitive. In this case, when the output voltage is higher than the reference value, the controller will regulate a higher switching frequency, which causes a higher output voltage. Then positive feedback occurs, regulating the output voltage to the maximum or minimum value and causing the LLC resonant converter to become unstable. Unfortunately, the LLC resonant converter is a nonlinear system, and the resonant impedance may be capacitive or inductive depending on the switching frequency value. The gain curve of the LLC resonant converter is shown in Figure 3 . When the converter operates in the inductive area, the output voltage will decrease as the frequency increases. When the converter operates in the capacitive area, the output voltage increases as the frequency increases.
Assume that the LLC resonant converter operates at point A, as shown in Figure 6a . The reference voltage is v 1 and the switching frequency is f 1 . When a minor disturbance occurs, the loads increase correspondingly and the output curve changes from the blue line to the yellow one, leading to a slight decrease in output voltage from v 1 to v 2 at frequency f 1 , making the operation point move to point B. Then the output voltage is lower than the reference value, making the controller producing a lower switching frequency f 2 and the operation point transfers to point C. The output voltage is v 3 at point C, which is higher than the reference value, v 1 . The frequency will be increased by the controller regulation to reduce the output voltage. The converter is regulated to work at point D. Finally, the converter will stably operate at a new point E, and at a new frequency f 4 . During the whole regulating process, the converter operates in the inductive area. The converter can operate stably under minor disturbances. Assume that the LLC resonant converter operates at point A, as shown in Figure 6a . The reference voltage is v1 and the switching frequency is f1. When a minor disturbance occurs, the loads increase correspondingly and the output curve changes from the blue line to the yellow one, leading to a slight decrease in output voltage from v1 to v2 at frequency f1, making the operation point move to point B. Then the output voltage is lower than the reference value, making the controller producing a lower switching frequency f2 and the operation point transfers to point C. The output voltage is v3 at point C, which is higher than the reference value, v1. The frequency will be increased by the controller regulation to reduce the output voltage. The converter is regulated to work at point D. Finally, the converter will stably operate at a new point E, and at a new frequency f4. During the whole regulating process, the converter operates in the inductive area. The converter can operate stably under minor disturbances. However, the converter may go into the capacitive area during the controlling process, especially in major disturbance conditions. When major disturbances occur, the loads increase, as shown in Figure 6b . Due to the heavy step loads, the output voltage will be reduced to v2 at operation point B. Since the output voltage v2 is far smaller than the reference voltage, v1, the large input error will produce a small switching frequency, f2, making the converter operating at point C fall into the capacitive area. As the output voltage v3 at point C is still lower than reference value v1, the controller will continue to decrease the switching frequency to f3, which causes a lower output voltage due to the capacitive characteristics of the resonant tank. Then positive feedback occurs, making the converter operate from point D to E and finally to the original point. The converter becomes unstable during a period of major disturbance. Therefore, the conventional linear stable analysis method cannot ensure the converter's stability during a major disturbance. It is necessary to analyze the stability of the LLC resonant converter during a major disturbance.
From the above analysis, it can be shown that a minor disturbance and slower controller regulating speed will make the converter more stable. When the converter operates in the inductive However, the converter may go into the capacitive area during the controlling process, especially in major disturbance conditions. When major disturbances occur, the loads increase, as shown in Figure 6b . Due to the heavy step loads, the output voltage will be reduced to v 2 at operation point B.
Since the output voltage v 2 is far smaller than the reference voltage, v 1 , the large input error will produce a small switching frequency, f 2 , making the converter operating at point C fall into the capacitive area. As the output voltage v 3 at point C is still lower than reference value v 1 , the controller will continue to decrease the switching frequency to f 3 , which causes a lower output voltage due to the capacitive characteristics of the resonant tank. Then positive feedback occurs, making the converter operate from point D to E and finally to the original point. The converter becomes unstable during a period of major disturbance. Therefore, the conventional linear stable analysis method cannot ensure the converter's stability during a major disturbance. It is necessary to analyze the stability of the LLC resonant converter during a major disturbance.
From the above analysis, it can be shown that a minor disturbance and slower controller regulating speed will make the converter more stable. When the converter operates in the inductive area during the whole regulating process, the converter can operate stably as in the normal design. Otherwise, the converter enters into the capacitive area, as shown in Figure 6b , and instability occurs. By observing Figure 6b , it can be seen that if the switching frequency is lower than f 5 , the output voltage will be lower than the reference value, and the controller will reduce the frequency to increase the output voltage until the frequency is regulated to zero. If the frequency is higher than f 5 and lower than f 6 , the output voltage will be higher than the reference value and the controller will increase the frequency to reduce the output voltage. When the frequency is higher than f 6 , the output voltage is lower than the reference voltage and the controller will reduce the frequency to increase the output voltage. Finally, the LLC resonant converter operates stably at point F. So f 5 is the stable criterion of the LLC resonant converter at which the LLC resonant converter can generate a new reference voltage in the capacitive area. The stability criterion will vary with the loads and the reference and the minimum value will be obtained when the new reference voltage is equal to the peak value of LLC resonant converter's gain curve. We name the frequency achieving the peak gain the peak frequency. Thus, when the switching frequency is higher than the peak frequency during the whole controlling process, the converter can be guaranteed to operate stably during any disturbance. Otherwise, the converter may operate in the capacitive area and instability occurs. Thus the peak frequency is the critical condition for stable operation of the LLC resonant converter, which can be obtained as follows:
where h is the inductor ratio (h = L r /L m ), Q is the quality factor (Q = √ L r /C r /R e , R e = 8n 2 R/π 2 ), and f is the normalized frequency f = ω √ L r C r . Then the peak frequency can be calculated:
To ensure the stable operation of the LLC resonant converter, the frequency must be larger than the peak frequency during the whole regulation process. Otherwise, the converter will work in the capacitive area and be unstable.
Stability Analysis
In the previous section, the instability of the LLC resonant converter during a major disturbance was analyzed based on the operational trajectory of the LLC resonant converter. However, this was just a qualitative result. In this section, based on the extended describing function method, the control-to-output transfer function of the LLC resonant converter is derived. Then a stability analysis is also performed through the mixed potential function method.
Modeling of LLC Resonant Converter
The LLC resonant converter has four state variables. The state equations can be obtained as follows: 
where ω is the switching angular frequency. Due to the large output capacitor C o , v m is a square waveform voltage, similar to v ab . Then the input state variables can be calculated:
where n is the transformer ratio and i p is the peak value of rectifier current at the primary side. At the secondary side, all state variables are DC waveforms. The ripple waveform of the rectifier current can be ignored. Then the average current can be derived:
By substituting Equations (4)- (6) into Equation (3), the state equations can be obtained. Since the control frequency is very low, the resonant variables can reach steady state during the control period. Then the coefficients of the sine and cosine terms can be calculated. The following equations can be used: 
The LLC resonant converter model is a seven-order nonlinear system, so it is difficult to analyze the characteristics of the LLC resonant converter based on this model. In Figure 6 , it can be seen that the LLC resonant converter can be divided into a resonant part and a rectifier part. The output of the resonant part is the rectifier current, i p . Combining Equations (5) and (7), the state equation of i p can be derived as follows:
Usually, the resonant components in the LLC resonant converter are very small due to the high resonant frequency. Moreover, the output capacitor is designed to be very large to ensure steady output voltage. Meanwhile, the control frequency is much lower than the switching frequency. Then the resonant state variables can be regarded as steady state values during every control period. By substituting the steady values of resonant state variables, Equation (8) can be simplified as follows:
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M is the steady gain of the LLC resonant converter, which is expressed as follows:
The LLC resonant converter can be simplified as a two-order circuit, as shown in Figure 7 .
resonant frequency. Moreover, the output capacitor is designed to be very large to ensure steady output voltage. Meanwhile, the control frequency is much lower than the switching frequency. Then the resonant state variables can be regarded as steady state values during every control period. By substituting the steady values of resonant state variables, Equation (8) can be simplified as follows:
The LLC resonant converter can be simplified as a two-order circuit, as shown in Figure 7 . Figure 7 . Equal two-order circuit of LLC resonant converter.
Then the state equations of LLC resonant converter can be derived as follows:
The equal output inductor can be derived as follows:
vs is the equal input voltage, which is expressed as follows:
Stability Analysis of LLC Resonant Converter
A simplified model of the LLC resonant converter has been derived. However, it is still a nonlinear model, which means that conventional linear stability analysis methods are not suitable for the analysis. The small signal stability method can be applied to nonlinear systems, but it is insufficient to provide the overall stability that is a criterion of the LLC resonant converter. The Lyapunov stability theory has been widely used to achieve stability for nonlinear systems, but it is difficult to construct the Lyapunov energy function. Brayton and Moser proposed a mixed potential theory in 1964, which can be used to construct the energy function and achieve stability. Then the state equations of LLC resonant converter can be derived as follows:
v s is the equal input voltage, which is expressed as follows:
A simplified model of the LLC resonant converter has been derived. However, it is still a nonlinear model, which means that conventional linear stability analysis methods are not suitable for the analysis. The small signal stability method can be applied to nonlinear systems, but it is insufficient to provide the overall stability that is a criterion of the LLC resonant converter. The Lyapunov stability theory has been widely used to achieve stability for nonlinear systems, but it is difficult to construct the Lyapunov energy function. Brayton and Moser proposed a mixed potential theory in 1964, which can be used to construct the energy function and achieve stability.
Mixed potential functions can describe the dynamic characteristics of the nonlinear RLC circuit. There must be a function in the RLC circuit that has the special forms as follows:
where i is the inductor current and v is the capacitor voltage in the circuit; P(x) is the mixed potential function. Since the function consists of current and voltage potential functions in the system, the mixed potential function P(x) can also be expressed as follows: 
where i j (j = 1, 2, . . . , l) represents all the independent inductor currents; v k (k = 1, 2, . . . , c) represents all the independent capacitor voltages; and γ jk is the inner connection between i j and v k , which can be 1, −1, or 0. The detailed derivation process is described in [27] [28] [29] . Several theorems on the stability of circuits have been derived and Theorem 5 will be used to analyze the stability of the LLC resonant converter. This theorem is restated as follows.
Suppose that µ 1 is the minimum eigenvalue of matrix K 1 for all inductor currents and µ 2 is the minimum eigenvalue of K 2 for all capacitor voltages. If all the inductors and capacitors are constant, matrix K 1 and K 2 are:
Under the condition that
for all currents and voltages and V(x)→∞ as |x|→∞, all trajectories of Equation (14) tend to the set of equilibrium points as t→∞. This part will analyze the stability of the LLC resonant converter based on the mixed potential theory. According to the model of the LLC resonant converter, the mixed potential function of the LLC resonant converter can be obtained as follows:
Then all three parts of the mixed potential function can be achieved:
Then the minimum eigenvalue µ 1 and µ 2 can be calculated:
The input voltage v s has been calculated in Equation (13) . The PI controller is used in the LLC resonant converter to regulate the output voltage. The regulated switching frequency can be derived as follows:
Then the eigenvalue µ 1 can be calculated:
Since v s is near the output voltage v o , the follow equation is given:
Based on the theorems mentioned earlier, the stability criterion of LLC resonant converter can be expressed as follows:
Since the LLC resonant converter must be stable no matter how heavy the load, the stability of the LLC resonant converter can be derived as follows:
Then it can be simplified:
Since the input voltage v s is positive, the criterion can be simplified as:
It is still difficult to guide the controller design. Obtaining the LLC resonant converter gain as described in Equation (10), we get the follow equation:
The polarity of the converter gain's differential is the same as the stability criterion. We can make the following conclusions:
From Equations (28)- (30), the stability criterion of the LLC resonant converter can be calculated as follows.
(1) range of the switching frequency is 0 < f < f peak , then the stability criterion is
(2) If the variable range of the switching frequency is f peak < f, then the stability criterion is
According to Section 2, the proportion coefficient k p of the conventional control scheme for the LLC resonant converter is negative. Then a higher input error of the controller can produce a lower switching frequency. Therefore, the stability criterion of LLC resonant converter is
This is the same as the analysis in Section 2, derived from the gain curve.
Trigger Control Scheme
From the last section's analysis, the main reason for the LLC resonant converter's instability is that the converter works into the capacitance operation during a major disturbance. In order to make the LLC resonant converter stable, the converter must be forced to work into the inductance operation area after a major disturbance. Then a trigger control scheme is proposed with a current polar discriminator (CPD), as shown in Figure 8 . The CPD samples the resonant current when the driving signal of switcher S 1 rises from low to high. If the resonant current is negative, the LLC resonant converter works at inductance operation. Otherwise, operate at capacitance operation. When the LLC resonant converter works at capacitance operation, the CPD sends a trigger signal to the PI controller. Then the PI controller regulates the frequency to the peak frequency value and the LLC converter works at inductance operation again, making the converter stable. The PI controller can regulate the output voltage to the desired value.
(1) range of the switching frequency is 0 < f < fpeak, then the stability criterion is
(32)
According to Section 2, the proportion coefficient kp of the conventional control scheme for the LLC resonant converter is negative. Then a higher input error of the controller can produce a lower switching frequency. Therefore, the stability criterion of LLC resonant converter is
From the last section's analysis, the main reason for the LLC resonant converter's instability is that the converter works into the capacitance operation during a major disturbance. In order to make the LLC resonant converter stable, the converter must be forced to work into the inductance operation area after a major disturbance. Then a trigger control scheme is proposed with a current polar discriminator (CPD), as shown in Figure 8 . The CPD samples the resonant current when the driving signal of switcher S1 rises from low to high. If the resonant current is negative, the LLC resonant converter works at inductance operation. Otherwise, operate at capacitance operation. When the LLC resonant converter works at capacitance operation, the CPD sends a trigger signal to the PI controller. Then the PI controller regulates the frequency to the peak frequency value and the LLC converter works at inductance operation again, making the converter stable. The PI controller can regulate the output voltage to the desired value. This proposed trigger control method is verified for the simulation model in Section 1. The output voltage is shown in Figure 9 . At the beginning, the output voltage is 100 V with no load. A major disturbance corresponds with the minimum switching frequency and triggers a control function. The switching frequency is changed to the peak value and the output current is regulated to the desired value. The converter becomes stable again compared with Figure 4 . This proposed trigger control method is verified for the simulation model in Section 1. The output voltage is shown in Figure 9 . At the beginning, the output voltage is 100 V with no load. A major disturbance corresponds with the minimum switching frequency and triggers a control function. The switching frequency is changed to the peak value and the output current is regulated to the desired value. The converter becomes stable again compared with Figure 4 .
As shown in Figure 9 , the output voltage can reach the desired value in 25 ms, which is sufficiently fast. The output voltage falls due to large loads. The switching frequency rises to the peak value during the trigger controlling process. Then the switching frequency is regulated by the conventional PI controller from minimum value to the desired value.
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As shown in Figure 9 ,
Output Voltage / Current Figure 9 . Output voltage and current of LLC converter with the proposed trigger control scheme.
Experiment Verification
In order to verify the correctness of the stability analysis, a full bridge LLC resonant converter prototype has been built. The parameters used for the model are given in Table 1 . Based on the analysis in Sections 2 and 3, the frequency range has an important influence on the converter's stability. The peak frequency can be calculated as 66.41 kHz. In order to verify the stability criterion, two cases with different frequency ranges and controller parameters for LLC resonant converter are shown in Table 2 . 
In order to verify the correctness of the stability analysis, a full bridge LLC resonant converter prototype has been built. The parameters used for the model are given in Table 1 . Based on the analysis in Sections 2 and 3, the frequency range has an important influence on the converter's stability. The peak frequency can be calculated as 66.41 kHz. In order to verify the stability criterion, two cases with different frequency ranges and controller parameters for LLC resonant converter are shown in Table 2 . Table 2 . The frequency range of the LLC resonant converter is 70-300 kHz. The lower frequency is larger than the peak frequency of 66.41 kHz. The controller parameters are negative. They can satisfy Equation (33). Figures 10-13 give the voltage and current responses with different compensation parameters under full and half step loads. As the compensation parameters become larger and larger, the dynamic response of the LLC resonant converter becomes faster and faster. Under half step loads, the settling time is reduced from 45 ms to 8 ms and the voltage is reduced from 8.4 V to 1.2 V, with k p rising from −0.5 to −10. Similarly, under full step loads, the settling time is reduced from 47 ms to 8.8 ms and the voltage drop is reduced from 10 V to 1.6 V. Since the compensation parameters can satisfy the stability criterion, the converter can operate stably during a major disturbance, even with large compensation parameters of −10. Table 2 . The frequency range of the LLC resonant converter is 70-300 kHz. The lower frequency is larger than the peak frequency of 66.41 kHz. The controller parameters are negative. They can satisfy Equation (33). Figures 10-13 give the voltage and current responses with different compensation parameters under full and half step loads. As the compensation parameters become larger and larger, the dynamic response of the LLC resonant converter becomes faster and faster. Under half step loads, the settling time is reduced from 45 ms to 8 ms and the voltage is reduced from 8.4 V to 1.2 V, with kp rising from −0.5 to −10. Similarly, under full step loads, the settling time is reduced from 47 ms to 8.8 ms and the voltage drop is reduced from 10 V to 1.6 V. Since the compensation parameters can satisfy the stability criterion, the converter can operate stably during a major disturbance, even with large compensation parameters of −10. The frequency range of LLC resonant converter is 50-300 kHz. The frequency is smaller than the peak frequency of 66.41 kHz. With large compensation parameters and disturbance, the frequency may be kept lower than 66.41 kHz during the controlling process. Then the converter cannot satisfy the stable criterion and may be unstable. However, with small compensation parameters and minor disturbance, the frequency should always be larger than 66.41 kHz during the regulating process. The system can satisfy Equation (33) and be stable during the regulation process. Figures 14-17 give the voltage and current response with different compensation The frequency range of LLC resonant converter is 50-300 kHz. The frequency is smaller than the peak frequency of 66.41 kHz. With large compensation parameters and disturbance, the frequency may be kept lower than 66.41 kHz during the controlling process. Then the converter cannot satisfy the stable criterion and may be unstable. However, with small compensation parameters and minor disturbance, the frequency should always be larger than 66.41 kHz during the regulating process. The system can satisfy Equation (33) and be stable during the The frequency range of LLC resonant converter is 50-300 kHz. The frequency is smaller than the peak frequency of 66.41 kHz. With large compensation parameters and disturbance, the frequency may be kept lower than 66.41 kHz during the controlling process. Then the converter cannot satisfy the stable criterion and may be unstable. However, with small compensation parameters and minor disturbance, the frequency should always be larger than 66.41 kHz during the regulating process. The system can satisfy Equation (33) and be stable during the regulation process. Figures 14-17 give the voltage and current response with different compensation parameters under full and half step loads. As the compensation parameters become larger and larger, the LLC resonant converter becomes more and more unstable. When the compensation parameters are small, the LLC resonant converter can be stable during a more major disturbance, as shown in Figures 14 and 17 . When the compensation parameter is increased to −5, the converter cannot operate stably during a disturbance, as shown in Figure 17 . The voltage is maintained at 16.8 V at half loads and 12 V at full loads. The frequency is regulated to 50 kHz due to the saturation, and the converter is unstable. When the converter has the same compensation parameters, a more major disturbance makes the converter more unstable, as shown in Figure 16 . When the compensation parameter is −1, the LLC resonant converter is stable at half step loads and unstable at full step loads. Due to a major disturbance, the frequency remains smaller than 66.41 kHz during the controlling process at full step loads. Then the converter becomes unstable and the output voltage is maintained at 12 V. When the frequency in the saturation is kept smaller than the peak frequency, the converter may be unstable at large compensation parameters and disturbance. parameters under full and half step loads. As the compensation parameters become larger and larger, the LLC resonant converter becomes more and more unstable. When the compensation parameters are small, the LLC resonant converter can be stable during a more major disturbance, as shown in Figures 14 and 17 . When the compensation parameter is increased to −5, the converter cannot operate stably during a disturbance, as shown in Figure 17 . The voltage is maintained at 16.8 V at half loads and 12 V at full loads. The frequency is regulated to 50 kHz due to the saturation, and the converter is unstable. When the converter has the same compensation parameters, a more major disturbance makes the converter more unstable, as shown in Figure 16 . When the compensation parameter is −1, the LLC resonant converter is stable at half step loads and unstable at full step loads. Due to a major disturbance, the frequency remains smaller than 66.41 kHz during the controlling process at full step loads. Then the converter becomes unstable and the output voltage is maintained at 12 V. When the frequency in the saturation is kept smaller than the peak frequency, the converter may be unstable at large compensation parameters and disturbance. When the frequency in the saturation is larger than the peak frequency, the converter can satisfy the stability criterion even at large compensation parameters. The converter can be stable at full step loads with a large compensation value (kp = −10), as shown in Figure 13 . If the saturation does not limit the minimum frequency, the frequency cannot satisfy the stable criterion during the regulation process; on the contrary, the converter is unstable at full step loads even with a small compensation value of −1, as shown in Figure 16b . When the compensation parameters are small enough, the When the frequency in the saturation is larger than the peak frequency, the converter can satisfy the stability criterion even at large compensation parameters. The converter can be stable at full step loads with a large compensation value (k p = −10), as shown in Figure 13 . If the saturation does not limit the minimum frequency, the frequency cannot satisfy the stable criterion during the regulation process; on the contrary, the converter is unstable at full step loads even with a small compensation value of −1, as shown in Figure 16b . When the compensation parameters are small enough, the converter can satisfy the stability criterion during the regulation process. The converter has the same dynamic response for both cases, as shown in Figures 10 and 15 . They are both stable. Therefore, if the converter satisfies the stability criterion in Equation (33), the converter can be stable under any disturbance conditions.
When the trigger control scheme is used, the LLC resonant converter becomes stable in both Cases 7 and 8, as shown in Figure 18 . When the loads change from light to full, the switching frequency is controlled to 50 kHz at the beginning, operating at the capacitive area. The CPD controller detects the positive current and sends a signal to the PI controller, which will force the switching frequency to the peak frequency of 70 kHz. Then the converter will be stable and the output voltage can be regulated to the desired value. The dynamic response with trigger controller in Cases 7 and 8 is similar to that in Cases 2 and 3 since they have the same controlling parameters. Therefore, the trigger controller can effectively extend the operational range of the LLC resonant converter. 
Conclusions
In this paper, the instability performance of an LLC resonant converter during a major disturbance is analyzed and a trigger controller is expressed to extend the converter's operational 
In this paper, the instability performance of an LLC resonant converter during a major disturbance is analyzed and a trigger controller is expressed to extend the converter's operational range. Both qualitative and theoretical analysis demonstrate that system stability performance is highly dependent on the operating range of the switching frequency, in that there is a critical value determining the stability boundary. The regulated switching frequency should be higher than the critical frequency to ensure the stability of the system, or the converter will fall into instability. The same result is also obtained from a mathematical point of view by the utilization of the mixed potential function method. A trigger controller is also proposed and designed. By detecting the resonant currents' polarity, the switching frequency is forced to the peak frequency, preventing the converter from operating in the capacitive area. The investigation results and proposed controller presented in this paper provide a useful guideline for the LLC resonant converter design: the switching frequency range must be higher than the peak frequency to ensure the stability of the converter.
